Abstract. The study takes up the problem whether synthesis of certain protein fractions in nerve cells of the hippocampus in rats during the transfer of handedness may be specific for this learning process. Electrophoretic separation of protein was carried out on polyacrylamide gels at the microscale. The investigation encompasses the brain-specific, acidic protein S100 and two protein fractions moving close to the S100 protein during electrophoresis. The protein synthesis was studied during one month of intermittent training of the animals.
Introduction. Two main discoveries have evolved from biochemical studies of learning and memory. One has been the inhibition of brain protein and RNA synthesis and its effect on memory fixation and expression. The other has been the correlation between a new behavior and changes in the composition of brain cells or in labeling patterns. By now, it can be inferred from a large number of experiments in which antibiotics were used that brain protein and RNA synthesis are required for the establishment of long-term memory and that they occur during or shortly after learning.'-5 Short-term memory is not dependent upon the synthesis of intact brain protein and can persist for hours after training.
The present study takes up the problem whether an increase in the synthesis of certain protein fractions in nerve cells of the hippocampus during learning, previously shown to occur,6 is or is not specific for the learning process. The data presented indicate that the synthesis of two protein fractions (4 and 5) and possibly the brain-specific acidic protein S1007 is specifically related to the learning process and is not merely an expression of sustained motor and sensory activities. The pyramidal nerve cells in the CA3 region were chosen as material, since the hippocampus is of special importance for the establishment of new behavior.8
In the behavioral experiment conducted, rats were induced to transfer handedness in the retrieval of food.9 Rats are left-or right-handed (or, in a small percentage, ambidextrous) when they perform complicated paw movements. For our experiment a narrow glass tube, one third full of protein pills 4 mm in diameter, was placed a few centimeters from the floor, so that the rats had to reach down into the tube to retrieve the pills one by one. First, in 23 out of 25 free-898 choice reachings, the animals showed whether they were left-or right-handed. When a glass wall was arranged so that there was no possibility of their using the preferred paw to retrieve the food pills, the rats soon began to use the nonpreferred paw. They were given two training periods of 25 minutes per day for 5 to 9 days. The performance, expressed as number of successful reachings per 25 minutes, increased linearly up to the eighth day. Nerve-cell samples were taken 15 minutes after the last training period on the 5th, 14th, and 31st day of the experiment.
The advantage of this experiment is that no surgical, mechanical, or electrical measure is undertaken to induce the animals to acquire the new behavior, and the stress factor involved is small.
In our first study,6 a significant increase in the specific activities of the protein fractions 4 and 5 of the hippocampal nerve cells over that of the controls was found during training in handedness reversal. These protein fractions, moving as numbers 4 and 5 from the anodal front, presumably contain several species of proteins. There is no reason as yet to believe that the qualitative characteristics of the protein formed should be specific for the process. On the other hand, the protein response in terms of synthesis of the proteins 4, 5, and S100 could be specific. To test this possibility, the following experiments were performed.
Analysis was continued during one month of experiments to correlate changes in protein synthesis with time and change in behavior. Some of the rats were taken for analysis on the fifth day of training. The others were returned to their cages, with a free view of rats in neighboring cages, and food and water ad libitum. Fourteen days after the first training, one group of these was subjected to two training periods of 25 minutes each and given 3H-leucine; the CA3 nerve-cell material was then taken for analysis as described. The remaining experimental animals were left in their cages for an additional fortnight and were then trained again for three successive days, with two training periods of 25 minutes each per day. The nerve-cell material was then taken for analysis as described below. Control rats used were of the same age as the experimental animals. In 50 per cent of the cases, these were litter mates. All rats performed well, as Table 1 shows. Materials and Methods. Sprague-Dawley rats weighing 150-170 gm were used, 36 rats in all. They were killed by decapitation. The hippocampus on both sides was rapidly taken out, and the CA3 area cut out and placed in a drop of Eagle's solution on the cooling stage of a Zeiss stereomicroscope fitted with hand supports. The pyramidal nerve cells of the CA3 area were removed with stainless steel microtools.
Half an hour before their last training period, the rats received 60 ,uc 3H-leucine in 60 ,ul intraventricularly in both hemispheres. Fluothane anesthesia was used. The rats performed the last test approximately 15 min after waking up from the anesthesia.
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The methods for protein analysis have recently been described in detail.10 Three hundred pyramidal nerve cells were isolated and used for extraction of soluble protein and its further separation by disk electrophoresis.10 A larger piece containing pyramidal nerve cell bodies, approximately 105 cells, was sampled to determine the 3H-leucine concentration in the CA3 region (and its immediate neighborhood). This information was used to correct the specific activity of the various protein fractions for variation in the amount of free and available 8H-leucine. This variation must be considered, since the concentrations of precursor amino acid in the left and right sides of the hemisphere or from animal to animal may differ depending on differences in circulation, dilution effects, and so forth. 10 The technique is briefly as follows. The cells are homogenized in 0.25 M sucrose or in buffer with the addition of 0.5% Triton X-100. A loop of 28-ML stainless steel fastened to a high-speed dental drill (12,000 rpm) is used to homogenize the solution in a 400-Mu capillary. The cells are homogenized for 2 min and then centrifuged. A sample (0.5 Al)
of the homogenate is placed on the upper gel in a 400-i capillary with the polyacrylamide gel.
The polyacrylamide gel (25% concentration) is prepared from recrystallized monomers.
The electrophoresis is performed on five gels at a time. Two of these are used for interferometric determinations of protein amounts in the fractions and two for radiometry.
Each capillary contains sample (1.7 Il), 5% upper gel (0.3 Ml), and running gel (2.5 Ml).
The electrophoresis is performed at 60 v for 25 min, after which the gel is pushed into an 80% ethanol solution and the protein is precipitated. The amount of protein per fraction in the gel is determined by interference microscopy after the gel is embedded in a mixture of glycerol and benzyl alcohol.
The tritium activity of the fractions is determined by combusting the dissected fractions together with Zn and KCl04 at 6500C in a glass capillary. This is then crushed in a special Geiger tube, the gas is released, and the radioactivities are counted. From these last two determinations, the specific activity of the protein is determined. Since this value varies as a result of variations in the local concentration of 3H-leucine, it must be corrected. For this correction, the functional relationship between specific activity and the concentration of 8H-leucine must be known. This relationship is linear. Consequently, specific activities of protein fractions from different but anatomically identical brain regions can be compared by dividing the specific activities by the values of the 3H-leucine concentration. The numerical value of this ratio is the slope of the line representing the linear relationship between specific activity and 3H-leucine concentration; or, formulated in another way, all specific activities are compared at unit 3H-leucine concentration. The 3H-leucine concentration is obtained as follows. About 100 ug of pyramidal neurons from the sample is homogenized in 0.5% Triton X-100. The solution containing the total protein of the sample is precipitated with trichloroacetic acid and washed, and its total radioactivity is determined. It is then dissolved in 1 M NaOH and the amount of protein in the solution is determined. In the supernatant, the total radioactivity of 3H-leucine is determined. From the protein separated on 400-,u polyacrylamide gels, fractions 4 and 5 from the separation front (Fig. 1) were taken for further analysis. Radiometric determinations were performed on both these fractions, which were cut out and combusted together. The acidic protein S100, specific for the brain7 11 and moving close to the anodal front at electrophoresis, constitutes 0.1% of the brain proteins. In order to localize and determine this protein in the microelectrophoretic pattern, we used three types of procedures.
(1) Antiserum against the S100 protein (generously provided by Dr. Lawrence Levine, Department of Bacteriology, Brandeis University, Waltham, Massachusetts) was conju-gated with isothiocyanate fluorescein."2 A 400-,u polyacrylamide gel cylinder on which nerve cell protein had been separated was fixed for 2 min in cold 80% ethanol. It was then allowed to react with the fluorescein-labeled antiserum for 5 min and photographed in a fluorescence microscope. Necessary controls were performed. (2) The antiserum against the S100 protein was also conjugated with peroxidase according to the method of Nakane.13 (3) The nerve-cell protein separated on the microgels was stained with amido black and recorded by an integrating microdensitometer. The acidic protein was named S100 by Moore and McGregor because it was soluble in saturated ammonium sulfate.
Therefore, we placed separated microgels with separated nerve-cell protein in saturated ammonium sulfate for 1 hr. Gels from the same electrophoretic run served as controls. Results. Table 2 demonstrates that the protein specific activities of fractions 4 and 5 unit 3H-leucine concentration in the CA3 nerve cells were significantly increased by the fifth day of training and after resumed short training on the 14th day, but not after training was resumed for three days a month after the original training.
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Note that the corrected specific activities expressed as cpm/fug of the microprotein fractions 4 and 5 deviate from the corresponding values in our recently published work.8 This is due to a more refined separation technique which allowed a better separation of smaller amounts of the protein sample. The specific values of the unseparated total protein were, of course, not affected by these measures.
Following a chance observation, we made a study of the incorporation of 3H-leucine into the two acidic protein fractions from two rats that were subjected to half the initial training time compared to the other rats. After 14 days with no training, they were again trained for 25 minutes only and then taken for analysis. They performed during the initial training with 120 reaches and with 100 reaches when training was resumed after a fortnight. Table 3 gives the biochemical results. 4 and 5 of two rats with half the initial training time compared to those in Table 2 that were taken for analysis after second full training (on day 14). It is apparent that very short periods of training with an appropriate interval gave significantly stronger response than those reported in Table 2 . This raises the question whether this reflects what in psychology is known as the effect of reminiscence. Table 4 also shows that values comparable to those in Table 3 were obtained 4 and 5 dominates relatively (see Fig. 2 ).
Upon examination of the protein separation pattern of the training and the control rats, the following observation was made on the appearance and occurrence of that protein fraction which moves closest to the anodal front and contains the S100 acidic protein. Figure 3 shows photographs of 10-7 gm of soluble CA3 nerve-cell protein (a) of control rats and (b) of rats on the fifth day of training to transfer handedness. Two fractions are seen in the amido black stained pattern in the case of the training rats. Therefore, recordings were made of 75 protein separations from 21 rats by means of a microdensitometer. As shown in Table 5 , twice as many separations with two frontal protein fractions than with one fraction occurred during resumed training on the 14th day of transfer of handedness, an equal number of two and one fractions at resumed training after 30 days, contrasted with no case of two frontal fractions in the controls.
In order to identify the fractions, polyacrylamide cylinders with separated protein from the control, 14-day, and 30-day animals were placed in saturated ammonium sulfate for one hour. Gels from the same electrophoresis served as controls in each case. It was found that the protein fraction closest to the anodal front disappeared upon treatment with saturated ammonium sulfate. Since the brain-specific protein S100 is soluble in saturated ammonium sulfate, it appears that S100 had been synthesized in increased amounts in CA3 nerve cells of the hippocampus during the experiment.
Discussion. Experiments in several laboratories have shown that intact brain RNA and protein synthesis is necessary for the formation of long-term memory in mammals and in fish.414, 16 . 1, 3 It has also been shown that nuclear RNA species with specific base ratios were formed during training in rats and fish. '7 18, 9, 21 The protein required in brain cells seems to be formed during the training or minutes thereafter.5 The data presented in this study are a further confirmation of this conclusion. Our results give additional information about a protein synthesis response in the CA3 nerve cells of the hippocampus. This seems pertinent, since the hippocampus is functionally most important for the formation of memory.
The fact that synthesis of three protein fractions (4, 5, S100) in the hippocampal nerve cells increased during the initial training and at resumed short training after two weeks, but not at resumed training after four weeks, speaks strongly in favor of the view that this protein response is specific for the learning process. If the increased synthesis of protein is indeed an expression of sustained and increased neural function, then the protein response might be expected to occur again when training is resumed one month after the initial training. When the novelty of the integrated functional response in the hippocampus has passed and behavior is well established, it may well, be however, that the necessary information has been stored in other parts of the brain. This biochemical correlate could be proteins in neuronal (including synaptic) structures and in glia, stored in a more permanent form, such as membranes.
The findings focus interest on acidic protein, especially brain-specific acidic protein. The S100 protein had a characteristic localization to the cell bodies of the glia and to the nuclei of the nerve cells. Hence we suggested that this acidic protein may block histones and may function as a regulator of DNA activities.22 It is therefore interesting that acidic proteins seem to be bound to developing puff areas in Chironomus chromosomes before the onset of RNA synthesis in this region..23
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